 Table 1 
Results

to wild-type, they do not divide (Figure 1C). These results indicate that the precocious phenotype of hbl-1 mutants includes many aspects of seam cell terminal differentiaLocomotion-Based Screen for Heterochronic Mutants
To identify additional members of the heterochronic tion. However, the precocious phenotype is incomplete in one respect. The seam cell nuclei do not exit permagene pathway, we screened for mutants with a temporally altered locomotion behavior. Loss-of-function (lf) nently from the division cycle during the third molt as expected for full execution of the terminal differentiation mutations in rol-1 cause a stage-specific locomotion defect: larvae swim in the normal sinusoidal pattern, but program; they usually divide again during the L4 stage intermolt, resulting in seam syncytia containing as many adults "roll" in circles (Brenner, 1974; Higgins and Hirsh, 1977) . This adult-specific Rol phenotype depends upon as 28 nuclei, rather than 16 as in wild-type animals (Figures 1D and 1E; 2). The L4 stage nuclear division phenothe synthesis of adult cuticle and is temporally altered by mutations in previously identified heterochronic genes.
type is not unique to the ve18 allele; it is also seen when hbl-1 activity is depleted by RNA interference (RNAi) For example, lin-4(lf) mutants never synthesize adult cuticle, and, consequently, lin-4 rol-1 double mutants (Figure 2 ). One explanation for this phenotype is that LIN-29 levels in hbl-1 mutants may not rise to sufficient never roll. Conversely, lin-14(lf) mutants synthesize adult cuticle early, and rol-1; lin-14 double mutants roll as levels by the L3 molt to completely inhibit the nuclear division. larvae.
rol-1(e91) animals were mutagenized, and 8000 haphbl-1(ve18) mutants remain in the molting cycle following the third molt, executing a fourth molt during loid genomes were screened for animals that either roll precociously, during larval stages, or fail to roll as adults.
which adult-type cuticle is again synthesized (Table 1) . hbl-1(ve18) mutants often have trouble executing this A precocious roller that identified hbl-1 as a member of the heterochronic gene pathway was among the mumolt and remain stuck in the L4 stage cuticle. tants recovered. rol-1(e91); hbl-1(ve18) mutant animals begin rolling as L4 stage larvae.
Precocious Vulval Cell Divisions in hbl-1(ve18) Mutants hbl-1(ve18) mutants also have a protruding vulva (Pvul), Precocious Hypodermal Cell Terminal Differentiation in hbl-1(ve18) Mutants which appears after the L3 molt, causing an egg-laying defect ( progression through the dauer stage is a common feais supported by the observation that a genomic PCR product containing the hbl-1(ve18) lesion rescues the ture of heterochronic mutants (Liu and Ambros, 1991) .
hbl-1(ve18) phenotype (data not shown). Animals bearing hbl-1(ve18) in trans to lwDf12, a defive18 Is a Mutation in the hunchback-like Gene hbl-1 ciency that removes the locus, are viable and appear We mapped ve18 to the X chromosome between mec-2 similar to ve18 homozygotes (Table 1) . However, our and stP33 ( Figure 3A) . Of the YAC clones spanning this molecular analyses indicate that ve18 is a hypomorphic region, only Y23B4 rescued the ve18 phenotype. The allele, and depletion of hbl-1 activity by RNAi suggests ve18 locus was narrowed to gene F13D11.2, which was that the null phenotype is embryonic lethality ( Sequence analysis of ve18 revealed a 5 bp deletion retarded heterochronic genes lin-29 and lin-4. In contrast to the precocious phenotype observed in hbl-1 in the exon 2 splice donor site of F13D11.2, which interferes with splicing of the message ( Figure 3A) . Two abermutant animals, hbl-1; lin-29 double mutants resemble lin-29 mutants and fail to execute the seam cell terminal rant hbl-1 mRNA species were detected in ve18 mutants. In one, the exon 2/3 splice junction was shifted 1 nt 5Ј, differentiation program ( Figure 3A) . The hypothesis that ve18 than the L4 as in wild-type ( Figure 1H ; Bettinger et al., 1996). Together, these data indicate that hbl-1 requires mutants produce a partially functional HBL-1 protein (Table 1) , hbl-1 RNA Interference Produces Multiple Phenotypes and, therefore, as was found for lin-41, lin-4 is epistatic to hbl-1 in this test.
Previous RNAi experiments showed that depletion of HBL-1 causes a variety of phenotypes, including embryWe next asked whether lin-41 and hbl-1 activities must both be reduced to allow adult cuticle synthesis in lin-4 onic lethality, malformed larvae, and egg laying-defective adults, but did not reveal a heterochronic defect mutants. Seam cell terminal differentiation was examined in a lin-4(e912) background where hbl-1 and/or lin-(Fay et al., 1999). To reconcile these results with the hbl-1(ve18) phenotype, we performed a series of RNAi 41 activities were depleted by RNAi (see Supplemental  Table S1 at We examined transgenic animals containing these constructs to test whether the 3ЈUTR contributes to the postembryonic temporal pattern of hbl-1 expression. hbl-1::gfp::hbl-1 expression is observed at high levels in the main body hypodermis (hyp7) of newly hatched L1 larvae and decreases as development proceeds to the early L3 stage, becoming undetectable thereafter Loss of hbl-1 Activity Suppresses let-7 Defects If hbl-1 acts downstream of the let-7 miRNA, then mutastage and occasionally including adult head or tail hypotions in hbl-1 should suppress the heterochronic defects dermal cells, likely reflecting a difference in sensitivity associated with let-7 mutations. To test this idea, we of detection or protein perdurance. Together, these exhatched eggs homozygous for the let-7 null allele, periments indicate that the hbl-1 3ЈUTR plays a temporal mn112, on bacteria expressing hbl-1 dsRNA. In contrast regulatory role.
to the retarded defect of let-7(mn112) animals grown on control bacteria, adult-type cuticle was synthesized The hbl-1 3UTR Contains Multiple Putative let-7 as early as the L3 molt in animals fed bacteria producing Binding Sites hbl-1 dsRNA, indicating that let-7 acts through hbl-1 to Several lines of evidence implicate the heterochronic time seam cell differentiation (Table 2 ). In addition, the gene let-7 as a candidate negative regulator of hbl-1. let-7 larval lethality was also suppressed. Analysis of The let-7 microRNA negatively regulates target genes hbl-1(ve18) let-7(mn112) double mutants confirmed through antisense binding sites in their 3ЈUTRs (Reinhart these results (Table 2) formed alae. In contrast, simultaneous loss of these The hbl-1 3ЈUTR contains multiple evolutionarily congene activities yields L3 molt animals with generally fullserved regions predicted to form heteroduplexes with length alae that are wild-type in appearance. Moreover, the let-7 miRNA (Figures 5A and 5B) . The overall serare patches of well-formed alae can form two stages quence identity between the C. elegans hbl-1 3ЈUTR early in these animals, at the L2 molt. This enhanced and that of C. remanei and C. briggsae is 76% and precocious phenotype in animals lacking both hbl-1 and 71%, respectively, and contains eight 12-30 nt blocks lin-41 activities is also observed in a let-7(ϩ) backof perfect conservation. The putative let-7 binding sites ground; 35% of these animals synthesize patches of vary in the degree of conservation observed. The most alae at the L2 molt (Table 2) , and the inappropriate L4 highly conserved site resides near the 3Ј end of the UTR stage nuclear division observed in hbl-1 single mutants (nt 1266-1287). It is 100% conserved in C. briggsae and is suppressed (Figure 2 ). These results indicate that let-7 91% conserved in C. remanei. Moreover, there is a 23 acts through hbl-1 and lin-41, which together prevent out of 25 bp match encompassing this sequence in the seam cell terminal differentiation until the final molt. region of the lin-41 3ЈUTR that confers its let-7 responIf let-7 plays a predominant role as an hbl-1 repressor, siveness (Slack et al., 2000) .
we would expect misregulation of the hbl-1::gfp::hbl-1 Two conserved, putative lin-4 binding sites are also construct in a let-7 mutant background. However, hypopresent in the hbl-1 3ЈUTR ( Figure 5C ), raising the possidermal expression of hbl-1::gfp::hbl-1 in let-7(n2853) bility that the lin-4 miRNA may also participate in the mutants was largely unchanged from the wild-type pattern. Only occasional weak hbl-1::gfp::hbl-1 expression downregulation of hbl-1. hbl-1-dependent signal is the hyp7 syncytial hypodervirilis. We identified sequences that could potentially mis that surrounds the seam, abuts the VPCs, and is a duplex with fly miRNAs in vivo (Figure 5D ), raising the major contributor to cuticle synthesis. The roller phenopossibility that microRNA regulation of hunchback has type used in our screens is likely to result from hyp7-mediated ultrastructural defects in the cuticle (Peixoto been evolutionarily conserved. All strains also contained unc-3(e151), except for hbl-1 alone (bottom line). unc-3 was present in the let-7(mn112) strain, necessitating its use as a control. RNAi experiments comparing N2 and unc-3 gave essentially identical results in these assays (data not shown), so unc-3 has been omitted for simplicity.
(B) The unc-54 3ЈUTR construct shows a GFP expression pattern spatially similar to that in (A). (C) GFP expression in hyp7 drops through the L2 stage. (D) With the unc-54 3ЈUTR, GFP expression is maintained in hyp7, but not the seam. (E) GFP expression in hyp7 becomes undetectable in the L3 stage but remains high in the ventral cord (arrowheads). (F) With the unc-54 3ЈUTR, GFP expression is maintained in hyp7 and neurons (data not shown). (G) GFP expression in the ventral nerve cord (arrows) drops to low and sometimes undetectable levels. (H) Temporal deregulation of the hbl-1 3ЈUTR reporter was detected in the VNC of adult let-7 animals. (I) GFP expression in the ventral nerve cord also remains high when the unc-54 3ЈUTR is used. (J) Weak GFP expression in the anterior nerve ring. (K) Nerve ring expression is not effectively downregulated in let-7 mutants. (L) Nerve ring expression remains high in adults when the unc-54 3ЈUTR is used. The images in (G) and (H) were taken at the same exposure time to demonstrate relative expression levels, as were (J) and (K). (I) was exposed six times longer than (H), and (L) was exposed ten times longer than (K). (M) HSN expression is strong in
b RNAi was performed by ingestion of dsRNA-expressing bacteria, as described in Supplemental Table S1 at The hbl-1 Message Is an miRNA Target Postembryonic temporal downregulation of hbl-1 in the of these components raises the possibility that additional aspects of hb regulation are conserved between worm nervous system and hypodermis is programmed, at least in part, through its 3ЈUTR, which contains multithese species, perhaps acting through divergent 3ЈUTR sequences.
ple putative let-7 binding sites that are evolutionarily conserved. In the nervous system, an hbl-1::gfp::hbl-1 hb also plays a role in patterning the fly central nervous system where, intriguingly, relative to our studies, reporter construct is temporally deregulated in a let-7 mutant background; enhanced expression is observed hb programs temporal specification of cell fate ( The role of let-7 in control of hbl-1 in the hypodermis is less clear. The simplest way to interpret let-7 suppresbe executed one stage too early, whereas overexpression of hbl-1 can cause failure of seam cell terminal sion by hbl-1, together with let-7 binding sites in the hbl-1 3ЈUTR, is that hbl-1 is a direct target of the let-7 miRNA. However, hypodermal hbl-1::gfp expression begins to subside in the L2 and disappears in the early L3, prior to let-7 accumulation in the mid to late L3 stage . Assuming that the hbl-1::gfp construct (which contains a 6.4 kb 5Ј flanking sequence through the first three introns) contains all relevant enhancer regions, this implies that 3ЈUTR-mediated downregulation of hbl-1 in hyp7 is controlled by other factors, perhaps including earlier-acting miRNAs. let-7 could add to the repression of hbl-1 mRNA from the mid L3 stage onward, ensuring its silence at late developmental stages. However, consistent hbl-1::gfp:: hbl-1 misexpression was not detected in the hypodermis of let-7 mutants, suggesting only a minor role for let-7 or redundant action by let-7-related genes. Alternatively, a low threshold level of the HBL-1 presumed transcription factor (not detectable by gfp assay) may be required for hypodermal function. Thus, small changes in HBL-1 level could lead to major developmental consequences through deregulation of target genes.
Temporal regulation of hbl-1 differs from that of lin-41, the other known let-7 target. lin-41::gfp is expressed Evidence for a Branched Heterochronic function, misexpression of let-7 targets, or redundancy Gene Pathway at the hbl-1 step in the pathway. Our work suggests that Previous studies have generally supported a linear paththe let-7 target, lin-41, is at least part of the answer.
way of heterochronic genes, with lin-4 acting as the Simultaneous removal of hbl-1 and lin-41 activities promost upstream and global regulator. Our analyses sugduces stronger suppression of the let-7 phenotype than gest that the pathway is branched. Concomitant loss of does single depletion of either gene (Table 2 ). In lethbl-1 and lin-41 activities suppresses the let-7 mutant 7(ϩ) animals, depletion of hbl-1 and lin-41 activities prophenotype more completely than that of lin-4. Loss of duces a fully penetrant L3 molt phenotype and can hbl-1 and lin-41 activities only weakly restores alae syncause terminal differentiation at the L2 molt, one stage thesis at the L4 molt in lin-4 mutants, whereas it leads earlier than in either single mutant. Together, these reto essentially complete execution of the adult seam cell sults indicate that let-7 acts through both hbl-1 and linprogram at the L3 molt in a let-7 mutant background. 41 and that these genes function with partial redundancy These observations indicate that lin-4 or the genes it to inhibit premature activation of the adult hypodermal regulates have additional targets, which time the adult program at the L2 and L3 molts in wild-type animals.
hypodermal program independently of hbl-1 and linThese findings extend the intriguing parallels between 41. Thus, multiple temporal inputs converge upon the the early and late timers of the heterochronic gene pathtranscription factor LIN-29, indicating that a branched way, which together mediate stage-specific temporal pathway functions to ensure proper timing of seam cell identities (Figure 6 ). Each timer is initiated by a miterminal differentiation. Elaboration of these proposed croRNA that has two known targets; in the early timer, branches will require searches for additional compolin-4 downregulates lin-14 and lin-28, and, in the late nents of the heterochronic gene pathway. timer, let-7 acts through hbl-1 and lin-41. In each case, one target encodes a transcription factor (LIN-14 and 
